In the enclosed study we have examined the expression and contribution of specific chemokines, macrophage inflammatory protein la (MIP-la) and macrophage inflammatory protein 2 (MIP-2), and interleukin 10 (IL-10) during the evolution of type II collagen-induced arthritis (CIA). Detectable levels of chemotactic cytokine protein for MIP-la and MIP-2 were first observed between days 32 and 36, after initial type II collagen challenge, while increases in IL-10 were found between days 36 and 44. CIA mice passively immunized with antibodies directed against either MIWP-la or MIP-2 demonstrated a delay in the onset of arthritis and a reduction of the severity of arthritis. On the contrary, CIA mice receiving neutralizing anti-IL-10 antibodies demonstrated an acceleration of the onset and an increase in the severity of arthritis. Interestingly, anti-IL-10 treatment increased the expression of MWP-la and MWP-2, as well as increased myeloperoxidase (MPO) activity and leukocyte infiltration in the inflamed joints. These data suggest that MWP-la and MWP-2 play a crucial role in the initiation and maintenance, while IL-10 appears to play a regulatory role during the development of experimental arthritis. (J. Clin. Invest. 1995. 95:2868-2876
Introduction
Rheumatoid arthritis (RA) is an autoimmune disease characterized by the sequestration of various leukocyte subpopulations within both the developing pannus and synovial space. The chronic nature of this disease results in multiple joint inflammation with subsequent destruction of joint cartilage and erosion of bone. While this disease has a world-wide distribution, its pathogenesis is not clearly understood (1) . Type II collageninduced arthritis (CIA)' in the mouse has proven to be a useful model of RA, as it possesses many of the cell and humoral immunity characteristics found in human RA (2, 3) . The pathogenesis of CIA is dependent upon the host's response to type-II collagen challenge and the subsequent generation of antibodies that recognizes collagen rich joint tissue (2, 3) . The chronic activities initiated by immune complexes trigger a variety of cell-mediated and humoral events. Moreover, the recruitment and activation of neutrophils, macrophages, and lymphocytes into joint tissues and the formation of the pannus are hallmarks of the pathogenesis of both CIA and human RA. While the contribution of inflammatory leukocytes to the progression of experimental arthritis and human RA is unquestioned, the mechanisms whereby these leukocytes are recruited to the inflamed joint is still not fully known. Recently, several chemotactic cytokines (chemokines) which demonstrate a high degree of specificity for the movement of leukocyte subpopulations have been isolated and cloned. These chemokines belong to a supergene family of cytokines that are divided into two distinct groups, C-X-C and C-C, designated by the position of the first two cysteine amino acid residues (4, 5) . The C-C chemokines include, MWP-la, MIP-lf3, RANTES, MCP-1, MCP-2, MCP-3, and 1-309. The other chemokine family (C-X-C) includes, IL-8, MIP-2 (murine functional homologue of IL-8), ENA-78, cleavage products of platelet basic protein (CTAP-IH, f3-thromboglobulin, and NAP-2), PF4, GRO a,f3y, and IP-10. The C-X-C chemokines are mainly chemotactic for neutrophils, while the C-C chemokine family are primarily chemotactic for mononuclear cells. Recently , it has been demonstrated that IL-8, MIPla, MIP-1, and RANTES are differentially chemotactic for lymphocyte subsets (6) (7) (8) (9) . Members of both chemokine families may play prominent roles in RA, as neutrophil and mononuclear cell elicitation and activation are prevalent in this disease.
While a number of pro-inflammatory cytokines have been studied in both human RA and murine CIA, relatively little is known regarding the production of immunomodulating cytokines, such as IL-10, during the development of this disease.
Originally, interleukin 10 (IL-10) was described as a cytokine synthesis inhibitory factor produced by murine Th2 cell clones that could inhibit the synthesis of interferon-y by Th, clones (10) (11) (12) (13) . Recent studies have demonstrated that IL-10 can inhibit the production of a variety of cytokines from other leukocyte populations, including IL-1, IL-6, TNF, IL-8, GM-CSF, and G-CSF, from macrophages/monocytes (14) (15) (16) , and IL-1, TNF, IL-8, MIP-la and MIP-1,6, from PMNs (17, 18) . Interestingly, exogenous IL-10 has been found to exert suppressive effects in vivo, such as preventing endotoxin-induced lethality by inhibiting the over expression of TNF (19) , and delaying the onset of autoimmunity in NZB/W F1 mice (20 Arthritis evaluation. Mice were observed daily for the presence of distal joint swelling and erythema. Paws were individually scored, using previously described procedures, on a scale of 0-3 based on the amount of erythema, swelling, or joint rigidity (Arthritis Index), giving a maximum score of 12 per mouse (24) . The joints were also histologically evaluated for the presence of arthritic lesions. Histopathologic assessment was coded for blind observation, and a histopathologic score assigned to each joint was based upon the extent of inflammation, pannus formation, cartilage damage, and bone erosion, each using a scale of 1 (minimal) to 5 (severe) (25) . Scores Before staining, the slides were fixed for 30 min in ice-cold acetone. Endogenous peroxidase activity was quenched by incubating the slides for 30 min in absolute methanol and 3% hydrogen peroxide. The tissue sections were blocked with normal goat serum for 2 h at 37°C, and then incubated with optimal concentrations of purified rabbit anti-murine cytokine (MIP-la, MIP-2, and IL-10) antibodies or normal rabbit purified IgG for 2 h at 37°C. After washing three times with PBS, the tissue sections were incubated with secondary biotinylated goat anti-rabbit IgG (supersensitive reagent; BioGenex, San Ramon, CA). The slides were then treated with streptavidin conjugated to peroxidase for 30 min at 37°C, rinsed three time with PBS, overlaid with 300 ml of equal volumes of 3-amino-9-ethylcarbazole 40 mg/ml in NN-dimethylformamide (Sigma Chemical Co.), and treated with 3% hydrogen peroxide in 0.1 M sodium acetate for 5-15 min at 37°C to allow color development. After rinsing with distilled water, the slides were stained with Mayer's hematoxylin. Specificity was demonstrated in these studies by competitive inhibition. Preincubation of anti-cytokine antibody with excess recombinant, exogenous specific cytokine before immunostaining resulted in a complete loss of staining.
Isolation of whole joint RNA and reverse transcriptase-polymerase chain reaction (RT-PCR). Total RNA from joint tissues was isolated using previously described techniques (18) . Briefly, 3 ml of guanidine isothiocyanate solution containing 25 mM Tris, pH 8.0, 4.2 M guanidine isothiocyanate, 0.5% Sarkosyl, and 0.1 M 2-ME was added to each joint sample. After homogenization using a Polytron, the above suspension was added to a solution containing an equal volume of 100 mM Tris, pH 8.0, 10 mM EDTA, and 1.0% SDS. The mixture was then extracted with chloroform-phenol and chloroform-isoamyl alcohol. The RNA was alcohol-precipitated and the pellet dissolved in diethyl pyrocarbonatetreated H20.
RT-PCR was performed as previously descried (26) Briefly, 5 ,ug of total RNA from joint sample was reverse transcribed into cDNA utilizing M-MLV reverse transcriptase (GIBCO BRL, Grand Island, NY). The cDNA was then amplified using specific primers for murine MIP-la, MIP-2, IL-10, and GAPDH, the latter as an internal control.
The primers were 5'-GCC-CTT-GCT-GTh-CTT-CTC-TGT (sense), and 5'-GGC-AAT-CAG-TTC-CAG-GTC-AGT (anti-sense) for murine MIP-la (27), 5'-GCT-GGC-CAC-CAA-CCA-CCA-GG (sense) and 5'-AGC-GAG-GCA-CAT-CAG-GTA-CG (anti-sense) for murine MIP-2 (28), 5'-GCT-ATG-TTG-CCT-GCT-CTT-AC (sense), and 5'-GCC-TGG-GGC-ATC-ACT-TCT-AC (anti-sense) for IL-10 (12), 5'-GGC-ATC-CGG-ACG-TTC-TAC-GG (sense) and 5'-ATG-GTG-AAG-GTC-GGT-GTG-AAC (anti-sense) for GAPDH (29) . Amplifications were performed in 4 mM MgCl, 50 40 and thereafter (P < 0.05 for MIP-I a) and on day 36 and thereafter (P < 0.05, MIP-2), respectively. either mice treated with either anti-IL-10 sera or with preimmue sera (31) . Cells were obtained by dissection and single cells (5 X 106 cells/ ml) were suspended in RPMI 1640 (GIBCO BRL) supplemented with 2 mM L-glutamine, 25 mM Hepes, 100 U/ml penicillin, 100 lg/ml streptomycin (Hazelton Research Products, Lenexa, KS), and 5% heatinactivated fetal calf serum (FCS) (GIBCO BRL). Cells were seeded in triplicate into 96-well flat-bottom plates with or without collagen (25 ,Og/ml of native type II collagen, or 10 qg/ml of denatured type II collagen) in a total volume of 0.2 ml/well. Supernatants were collected after 72-h incubation at 370C in humidified 5% CO2, and IFN-y production was measured by cytokine-specific ELISA.
Myeloperoxidase (MPO) assay. Neutrophil infiltration to the inflamed joints was indirectly quantitated using an MPO assay, as previously described for neutrophil elicitation (32). Tissue was prepared as described above and placed in a 50 mM phosphate buffer (pH = 6.0) with 5% hexadecyltrimethyl ammonium bromide (Sigma Chemical Co.). Joint tissues were homogenized, sonicated, and centrifuged at 12,000 g for 15 min at 40C. Supernatants (Fig.  1 B) , as compared with normal joints (Fig. 1 A) . In addition, the infiltration of PMNs and mononuclear cells (macrophages and lymphocytes) can be observed at this time with exudation of cells into the joint space (Fig. 1 B) . By 68 d after the primary immunization, joint pathology revealed significant bone erosion. This was accompanied with significant pannus formation and cartilage destruction (Fig. 1 C) . This longitudinal histologic pattern of arthritis is consistent with the joint pathology associated with human rheumatoid arthritis. Immunolocalization and longitudinal expression of chemokines during experimental arthritis. The above histological pattern ofjoint pathology appeared to be correlated with the influx of leukocytes into the joint, joint space, and surrounding tissue. Therefore, we initiated studies to assess the localization of chemokines to inflamed joints and determine the longitudinal expression patterns of these chemotactic cytokines during the development of CIA. As shown in Fig. 2 , immunolocalization of both MIP-la and MLP-2 could be identified in association with infiltrating macrophage-like cells, chondrocytes, and fibroblast-like cells in the chronically inflamed joint tissues (Fig.  2, B and C) . However, tissue sections stained with preimmune, control serum in a similar fashion demonstrated little nonspecific staining for murine cytokines (Fig. 2 A) . Immunohistochemical assessment of normal, non-inflamed joints failed to detect any constitutive expression of MIP-2 or MIP-1 a. In additional studies, the temporal expression pattern ofjoint MIPla, and MIP-2 was assessed by ELISA and was found to correlate with the development of arthritis. Mice with or without type H collagen immunization were sacrificed every 4 days and joint tissue prepared for cytokine analysis. As shown in Fig. 3 , both MIP-la and MIP-2 were expressed in a kinetic fashion as joint disease progressed. MIP-la and MIP-2 were first identified Daysat Prim"mu nizto Figure 5 . Kinetic study on the effects of either neutralizing anti-MIPla or MIP-2 on the development of arthritis incidence (A) and severity (B). F(ab)2 fragments of anti-MIP-la, MIP-2, or control were administered every other day from 24-32 d after primary immunization. Data represents a total of five mice per time point. The incidence and severity differed significantly between the group of control and anti-MIP-la or anti-MIP-2 sera treated mice on days 44 and thereafter (P < 0.05) and on days 56 and thereafter (P < 0.05), respectively.
chemokine protein levels correlated with a significant leukocyte infiltrate, as shown in the histopathology in Fig. 1 . The amount of MIP-la and MIP-2 antigen from mice with arthritis reached maximum expression 40-44 d after the primary immunization and then gradually decreased. An increase in cytokines from control mice (immunized without type II collagen) was not identified throughout the entire experimental period. These studies demonstrate that MWP-la and MIP-2 are both expressed in a kinetic manner at sites of inflamed joints and likely play a crucial role in the induction and maintenance of experimental arthritis.
Kinetics of chemokine mRNA expression during the evolution of experimental arthritis. To determine whether the expression of antigenic MWP-la and MIP-2 was accompanied by similar increases in steady-state mRNA levels, we assessed their expression from joint tissue using RT-PCR. As shown in Fig.  4 , both MIP-la and MIP-2 mRNA were significantly expressed in joint tissue during the evolution of experimental arthritis. Interestingly, mRNA for MIP-2 was first observed 12 d after primary immunization and continued to be expressed during the study period (out to day 60), while mRNA for MIP-lIa was first significantly expressed at day 36 and diminished after day 44. Days after Primary Immunization Figure 6 . Kinetic assessment of IL-10 mRNA and protein during the initiation and maintenance of chronic arthritis. Detection of IL-10 mRNA (A) was determined by RT-PCR at the designated time points and represents data from three separate studies. antigen was determined by cytokine specific ELISA (mean±SE of 12 joint tissue samples per time point X 3 studies). Data differed significantly between the group of control and type II collagen-immunized mice on days 44 and thereafter (P < 0.05).
Chemokine mRNA expression was not found in control mice at any time points after primary immunization (data not shown).
The effects ofpassive immunization with neutralizing chemokine antibodies on the evolution of experimental arthritis. The above observations demonstrate that steady-state mRNA and protein levels for both MP-1la and MIP-2 are temporally associated with the recruitment of leukocytes into inflamed joints. To determine the potential contribution of these chemokines to the developing inflammation, mice were passively immunized with control F(ab)2 fragments or neutralizing F(ab)2 directed against either MIP-la or MIP-2. The F(ab)2 fragments were used to eliminate the potential influence of Fc-dependent activation that may occur during the formation of chemokine/antichemokine immune complexes, thus altering the development of CIA (33, 34) . Mice were intraperitoneally treated with 1 mg of neutralizing F(ab)2 fragment every other day from days 24- 32. The therapeutic effect of passive immunization on the incidence and severity of arthritis is shown in Fig. 5 . Depletion of either MWP-la or MWP-2 had a beneficial effect on reducing the 2872 Kasama et al. spectively. C and D represent isolated synovial fibroblasts stained with pre immune serum and anti-IL-10 serum, respectively.
incidence of arthritic, as well as reducing the amount of joint erythema, swelling, and rigidity (Arthritic Index).
The temporal production and contribution of IL-1O to the development ofexperimental arthritis. A number of in vitro and in vivo studies have identified important regulatory aspects of IL-1O with regard to controlling the production of specific cytokines (13) (14) (15) (16) (17) 35) . In addition, we have identified IL-10 as an important cytokine involved in regulating the levels of both steady-state chemokine mRNA and protein (18) . Therefore, we examined whether IL-10 was expressed in a time-dependent manner during the development of CIA. In initial experiments, the kinetic expression of IL-1O steady-state mRNA and protein was assessed (Fig. 6, A and B) . Peak levels of IL-10 protein were identified at approximately day 44 after primary challenge with type II collagen. The kinetic pattern for steady-state levels of IL-10 mRNA was substantiated by RT-PCR, which demonstrated a zenith at approximately day 44. The time frame for the expression of IL-10 was coincident with the developing pathology of the arthritic joint. Interestingly, IL-10 was immunolocalized to infiltrating macrophage-like cells, chondrocytes, and fibroblast-like cells. A typical immunostaining pattern for tissue synovial fibroblasts and cultured synovial fibroblasts is shown in Fig. 7 . To confirm a contributing role for IL-1O during the evolution of joint inflammation, we next examined the effects of passive immunization using neutralizing F(ab)2 anti-IL-10 on the development of experimental arthritis (Fig. 8 ).
Mice were treated intraperitoneally with either 1 mg of anti-IL-10 or control F(ab)2 fragments every other day from days 24-32 post immunization with type II collagen. Mice treated with anti-IL-10 demonstrated a significant acceleration ofjoint inflammation, as identified by an earlier appearance in the incidence of arthritis and a greater arthritis index, as compared to controls (Fig. 8, A and B) . We next assessed potential mechanisms whereby passive immunization with anti-IL-10 could increase the severity of experimental joint inflammation. Mice passively immunized, using the above protocol, were sacrificed at day-48 post primary immunization and joints assessed for histological alterations, myeloperoxidase (MPO) activity, and chemokine levels. The histopathology of joints from animals treated with anti-IL-10 antibody showed more severe cartilage and bone destruction, as well as severe pannus formation and fibroblast proliferation than controls. An increase in the severity of the joint inflammation caused by anti-IL-10 treatment was also demonstrated by a histopathologic scoring system and the levels of MPO (Fig. 8, C and D) . Moreover, both MIP-la and MIP-2 expression in the joint from mice treated with anti-IL-10 sera at day-48 were augmented, as compared with the other two control groups (Fig. 9) . As additional controls, we found no significant effect on either anti-collagen antibody titers or IFNy production between anti-IL-10 treated mice and controls (data not shown). Taken together, our results suggest that MIP-la and MIP-2 are important for the initiation and maintenance of experimental joint inflammation. In addition, endogenous IL-10 likely plays a crucial role in this model by regulating the expression of inflammatory mediators, including MIP-la and MIP-2.
Discussion
Rheumatoid arthritis is one of the most common inflammatory joint diseases, possessing a world-wide distribution. In spite of a large research effort, the pathogenesis of this disease is not entirely clear. However, it is known that the progression of the disease is characterized by the presence of inflammatory cells in both the granuloma-like pannus and the joint fluid followed by cartilage destruction and bone erosion. Interestingly, the active inflammatory stage of arthritis shares a number of common histologic features of chronic inflammation, including the organized focal accumulation of mononuclear cells in the developing pannus, proliferation of fibroblast-like synovial cells, and injury to the surrounding tissue. While the proliferation of synovial cells (2, 36) , it has been demonstrated that several cytokines also appear to direct cellto-cell communication in a cascade fashion during the progression of CIA. These cytokines include: IL-1 (30, 37, 38) , TNFa (24, 39, 40) , IL-6 (41), TGF-/B (40), and IFN--y (42, 43) . The data presented in this report demonstrates that chemokines (MIP-la and MIP-2) and IL-10 are also expressed at sites of inflamed joints and these cytokines likely contribute in different capacities to the evolution of chronic joint inflammation. Our longitudinal analyses demonstrate that chemokine expression is observed coincident with the histopathologic observation of leukocyte accumulation. Furthermore, passive immunization with neutralizing antibodies to either MIP-la or MIP-2 resulted in an attenuation of the inflammation, while anti-IL-O0 antibodies augmented the arthritic response.
A number of recent studies have demonstrated that the recruitment of cells into an area of inflammation may be mediated not only by C5a, leukotrienes, platelet activating factor, or bacterial-derived peptides, but also by a novel group of small proteins with relatively specific chemotactic activity for leukocyte subpopulations. These small molecular weight polypeptides are synthesized by a variety of cells and belong to a novel supergene family of inflammatory mediators which share substantial homology via four conserved cysteine amino acid residues (4, 5) . In one family, the first two cysteine amino acids are in juxtaposition, and are referred to as C-C chemokines. This family includes MWP-la, MIP-1f3, RANTES, MCP-1, MCP-2, MCP-3, and 1-309. Recently, it has been demonstrated that MCP-1, MIP-la, MIP-l1,, and RANTES are differentially chemotactic for lymphocyte subsets (6) (7) (8) (9) . The other chemokine family (C-X-C) have their first two cysteines separated by an additional amino acid residue, this family includes, IL-8, MIP-2 (a murine functional homologue of human IL-8), ENA-78, 2874 Kasama et al. were assessed for MIP-la and MIP-2 levels by cytokine specific ELISAs.
Levels MIP-I a and MIP-2 differed significantly between the groups of control and anti-IL-10 sera treated mice on days 48 (P < 0.05).
CTAP-Ill, /3-thromboglobulin, NAP-2, PF4, GRO, and IP-10.
The C-X-C chemokine family is mainly chemotactic for neutrophils, while members of the C-C chemokines possess chemotactic activity for mononuclear cells (lymphocytes and monocytes). Since the recruitment of neutrophils, macrophages, and lymphocytes into joint tissue and formation of the pannus are hallmarks of both CIA and human rheumatoid arthritis, it is important to determine the contribution of chemokines in the progression of this experimental model of human rheumatoid arthritis. Our laboratory and others have demonstrated that several chemokines, including IL-8, MCP-1, RANTES, and MIP-la, are expressed in tissue from the inflamed joints of human rheumatoid arthritis (44) (45) (46) (47) (48) (49) (50) . While chemokines and other cytokines are known to play a pro-inflammatory role in the development of chronic inflammation, it has been reported that IL-10 may play an important regulatory role during the initiation and maintenance of inflammation (19, 51, 52) . Many in vivo studies suggest that IL-10 can block the expression of proinflammatory cytokines, including IL-1 and TNF-a, which would corroborate a number of in vitro studies (15, 16, 53) . Our laboratory and others have reported that IL-1O can inhibit the production and expression of chemokines, including IL-8, MWP-la, and MIP-fl3 from human monocytes and neutrophils (17, 18, 53) . Furthermore, IL-10 appears to augment the release of cytokine modulating proteins, such as soluble TNF receptor, and interleukin-1 receptor antagonist protein (54, 55) . Interestingly, studies have demonstrated that the soluble TNF receptors and the interleukin-1 receptor antagonist can prevent the development of CIA (25, 39, 56) .
Although the above studies demonstrate that IL-10 may act as a protective cytokine during the evolution of an inflammatory reaction and IL-10 is expressed by human synovium (57, 58) , the contribution of chemokines and IL-10 to the arthritic response is not clear. However, it appears that the balance of proinflammatory cytokines, such as chemokines, and anti-inflammatory cytokines, such as IL-10, may dictate the magnitude-of the arthritis response. Taken together, our studies demonstrate that chronic joint inflammation is a multi-factorial response, which is dependent upon both pro-inflammatory chemokines, such as MWP-la and MIP-2, as well as regulatory cytokines, such as IL-10. This latter cytokine appears to be particularly important as a modulating cytokine during the progression of experimental arthritis and may play a similar role during the pathogenesis of autoimmune responses in human rheumatoid arthritis.
